The 2p3d and 2p4d x-ray emission spectral shapes have been calculated using a theoretical description of spin-polarized 2p photoemission and atomic multiplet calculations of the 2 p3d and 2p4d radiative decay. Emphasis is given to the use of circular-polarized x rays for the excitation process. Good agreement with experiment is found and all visible experimental structures can be explained. It is shown that because of weak multiplet effects in the intermediate state, it is possible to use the incoherent, two-step model. The angle between the emitted x rays and the magnetization is able to affect the magnetic circular dichroism ͑MCD͒ spectral shape observed, while the angle between the incident x ray and the magnetization only affects the intensity of the MCD. ͓S0163-1829͑97͒01336-2͔
I. INTRODUCTION
Due to the presence of more intense synchrotron radiation sources, ͑resonant͒ x-ray emission has become an important technique to study the electronic and magnetic structure of solids. A large amount of experimental results have been published in recent years, both on transition metal compounds and rare earths. Experiments on 3d transition metal compounds include the 1s3p x-ray emission (K␤), 1-4 the 1s2 p x-ray emission (K␣) ͑Ref. 5͒ and the 2 p3d resonant x-ray emission. [6] [7] [8] [9] [10] In the case of rare earth systems, experiments include the 3d4 f and 4d4 f resonant x-ray emission, 11, 12 and the 2p3d and 2p4d resonant x-ray emission. [13] [14] [15] A few studies have been carried out with the use of circular polarization. 6, 7, 15 The theoretical description of ͑resonant͒ x-ray emission is complex and contains many ingredients. [16] [17] [18] [19] [20] The main goal of the present paper is to try to describe all these aspects in some detail. With that in mind the paper is written in a rather didactical form, introducing step by step the necessary ingredients. The two important aspects of the theoretical description are ͑1͒ the phenomenon of resonant x-ray emission as described by a second order optical process, and ͑2͒ the dominance of multiplet effects for core hole states in strongly correlated systems such as transition metals and rare earths. The second order process implies the possibility of strong interference effects, intrinsic angular dependent effects ͑i.e., independent of the sample symmetry͒, and the process known as resonant Raman scattering, the scattering via virtual excitations. The consequences of multiplet effects are a complex spectral shape plus a complex resonance/ interference behavior.
In the present paper we will concentrate on the theoretical description of the 2 p3d and 2p4d x-ray emission spectra of Gd metal at excitation energies above the 2 p absorption edge, for which our calculations can be directly compared to existing experimental results. 15 The emission process is described by a combination of 2p-photoemission and the 2p3d and 2 p4d radiative decay, respectively, while additional effects at the 2 p resonance are not dealt with quantitatively. These results can be compared to existing experimental results. We start in Sec. II by introducing step by step the theoretical concepts within the two-step, or incoherent model. In Sec. III a comparison is made with the experimental data and in the discussion ͑Sec. IV͒ we describe the angular dependence of the x-ray emission process. Finally, the possibility of using the integrated intensities is analyzed.
II. THEORY
Gd is described with an atomic model, only including the seven 4 f electrons in their Hund's rule ground state 8 S. The intensity of the resonant x-ray emission process is given by
where the sum extends over the incoming (q) and emitted (qЈ) polarizations. F q Ј q is described with the KramersHeisenberg formula: (1) , in the following abbreviated to C q . We take the magnetic field direction, along the sample surface and in the plane of the incident x-ray and the surface normal, as the quantization axis. Then the z-polarized x rays are denoted by C 0 and x-and y-polarized x rays by linear combinations of right circular polarized x-rays C 1 and left circular polarized x-rays C Ϫ1 . The magnetic circular dichroism ͑MCD͒ spectrum is defined by F (qϭ1) ϪF (qϭϪ1) , taking the incident x-ray direction to be parallel to the magnetization of the Gd 4 f electrons.
If the intermediate states can be approximated as a single state, or as independent states, the Kramers-Heisenberg formula can be much simplified into a two-step formula removing all the complications of interference and giving an intensity which is the product of x-ray absorption and x-ray emission intensities:
Within this two-step model the 2 p3d x-ray emission spectral shape is given by the ͦ͗3d
2 matrix element. The matrix element of the excitation, involving the promotion of a 2 p electron into a continuum state, enters only as a constant. In the following, first the important ingredients of the Hamiltonian for the 2 p 5 4 f 7 , 3d 9 4f 7 , and 4d 9 4 f 7 states are introduced. At the end of Sec. II B the use of the two-step model will be justified and in Sec. II C the spectral shapes of the x-ray emission are described.
A. Spin-orbit coupling and core-valence exchange
The dominating interaction is the core level spin-orbit coupling (), which splits each core level into two states with an energy difference equal to 3 2 for 2p and 5 2 for 3d and 4d. The binding energies for the 2 p core states are, respectively, Ϫ7243 eV for 2p 3/2 and Ϫ7930 eV for 2 p 1/2 , split by 687 eV. The binding energies for the 3d core states is, respectively Ϫ1190 eV for 3d 5/2 and Ϫ1222 eV for 3d 3/2 , split by 32 eV. For the case of a 4d core state, the spin-orbit coupling is smaller than the 4d4 f and 4 f 4 f exchange interactions, hence it is not possible to distinguish 4d 5/2 from 4d 3/2 states. The averaged binding energy is approximately Ϫ143 eV. In a first approximation the respective x-ray emission spectra are found at the binding energy differences. For example, the 2 p 3/2 3d 5/2 x-ray emission spectrum is found at Ϫ6053 eV, etc.
In order to discuss the consequences of the use of circularly polarized x rays we introduce an exchange splitting between the spin of the core state and the valence states. The valence spin is 7/2 and the 2 p core hole has Sϭ1/2. This gives for each 2p 5 4 f 7 state a splitting into Sϭ4 and Sϭ3 states. The 2p photoemission process can be described in a one-electron picture because the 2p spin-orbit is much larger than the 2p4 f exchange. This gives the 7 P and 9 P configurations of the 2p 5 4 f 7 states. Note that this approximation neglects all configurations other than 8 S of the seven 4 f electrons, as will be justified below.
Within this one electron picture, the MCD signal at the 2p 3/2 absorption edge is equivalent to the spin-polarized signal. 21, 22 Note that the MCD signal follows the orbital moments, the MCD being positive if m j(2p) is positive. This is in contrast to the spin-polarized signal which follows the spin moments, being positive for the 9 P states and negative for the 7 P states. 23, 24 It is well known 25 that the spin-up and spin-down spectra can be constructed from the high-spin 9 P-symmetry and the low-spin 7 P-symmetry 2 p 5 4 f 7 intermediate states. The 7 P-symmetry state relates for 100% to spin-up, while the 9 P-symmetry state relates for 8/9 to spindown and for 1/9 to spin-up. Thus the spin-up spectrum is constructed from 7 P ϩ 1/9 9 P and the spin-down spectrum from 8/9
9 P, keeping the spin-up to spin-down ratio at 1:1. As noted above, exactly the same is true for the MCD signal.
B. The inclusion of atomic multiplet effects
Using the single-particle picture also for the final states, the 3d 9 4 f 7 final state is split into its 3d 5/2 and 3d 3/2 peaks. Both are split by the 3d4 f core-valence exchange, implying a splitting between spin-up peaks and spin-down peaks. As discussed above, the MCD signal follows the orbital moment and the MCD signal is reversed with respect to the spinpolarized signal for the 3d 3/2 final state. The result is a plusminus MCD signal for the 3d 5/2 peak and a minus-plus MCD signal for the 3d 3/2 peak. [23] [24] [25] This model is able to explain the gross features of 2 p3d x-ray emission spectra. There are however additional peaks and structures visible in the experiment and moreover the intensities of the MCD spectra do not exactly follow the pattern as predicted from this model.
There are two, closely related, complications. First, the interaction which was called ''core-valence exchange'' has been presented as a simple exchange interaction, only able to split the spin-up states from the spin-down states. In fact, the ''core-valence exchange'' is a result from the two-electron Coulomb interactions, both exchange ͗3d4 f ͉1/r͉4 f 3d͘ and direct ͗3d4 f ͉1/r͉3d4 f ͘. The radial integrals related to these three interactions are the Slater integrals G 1,3,5 and F 0,2,4 , which determine the energy positions of the various symmetry-states of the 3d 9 4 f 7 configuration. These integrals, calculated using the Hartree-Fock based Cowan program 26 for a Gd atom, are given in Table I . Above we did not consider the 4 f 4 f interaction explicitly, but assumed that Gd stayed in its Hunds rule ground state. Like the 3d4 f interaction, the 4 f 4 f interaction gives rise to the Slater integrals F 0,2,4,6
. These 4 f 4 f terms determine the complete energy scheme of the 4 f 7 configurations. Apart from the fact that they slightly increase upon creating a core hole ͑cf. Table I͒, the 4 f 7 energy scheme is not expected to change. An important consequence is that the combination of the 4 f 4 f exchange and the 3d4 f exchange gives rise to 4 f transitions from the 8S ground state symmetry to another symmetry state in the final state. This process creates peaks at higher energies, hence satellites. This is no surprise for readers familiar with the 3d and 4d x-ray absorption spectra of Gd, which are completely dominated by multiplet effects and do show a large range of peaks. 27 In contrast to this, the 2p-photoemission process can be described as 4 f 7 
C. The 2p3d and 2p4d x-ray emission spectral shapes
We will now give the results for the 2p3d and 2p4d x-ray emission spectral shapes using the atomic multiplet model and the parameters as indicated in Table I . Figure 1 shows the 2 p3d x-ray emission spectral shapes, that is the transition 2 p 5 4 f 7 ͓ 7,9 P͔→3d 9 4 f 7 . Figure 1͑a͒ ͑bottom, left͒ shows the 2 p 1/2 3d x-ray emission and Fig. 1͑b͒ ͑top, left͒ its MCD. Likewise, Fig. 1͑c͒ ͑bottom, right͒ shows the 2p 3/2 3d x-ray emission and Fig. 1͑d͒ ͑top, right͒ its MCD. Figure 2 repeats these four spectra for the 2 p4d x-ray emission spectral shapes. A Lorentzian broadening of 2.5 eV ͓half width at half maximum ͑HWHM͔͒ of and a Gaussian broadening of 0.75 eV ͑HWHM͒ have been used for the broadened spectra. The Lorentzian broadening is given both by the lifetime broadening of the 2 p hole ͑about 2.0 eV͒ and the lifetime broadening of the 3d hole ͑approximated to 0.5 eV͒. The Gaussian broadening has been chosen to compare the results directly with experiment. The spectra are given with a negative energy axis, indicating that the energy is released from the system in the x-ray emission process.
The main peak of Fig. 1͑c͒ is the 2 p 3/2 3d 5/2 spectrum. The six equidistant large sticks of this spectrum relate to 3d 9 4 7 states which contain the 4 f electrons in their 8 S con- and J x ϭ4 and negative for J x ϭ3 and J x ϭ2. The dipole selection rule (⌬JϭϮ1,0) implies that J f equal to 6 and 5 are positive, 4 and 3 mixed, and 2 and 1 negative. All small peaks are also essentially negative because only the 7 D states couple to these states. The, positive, 9 D states do not couple apart from minor effects due to spin-orbit coupling. These trends are reproduced at the 2 p 3/2 3d 3/2 transition at Ϫ6025 eV. Only four 8 S-related sticks are visible, because 3d 3/2 only couples with 8 S to J f ϭ2,3,4,5. The MCD is reversed due to reversed energy ordering of the J f states, visible also in the increasing intensity with J f . The 2 p 1/2 spectra ͓Figs. 1͑a͒ and 1͑b͔͒ are closely related to the 2 p 3/2 spectra as the 3d 9 4 f 7 final state energies are identical. There are six 8 S sticks for the 3d 5/2 and four sticks for the 3d 3/2 . Note that the 2p 1/2 3d 5/2 transition is not completely zero. It gains some intensity due to the multiplet effects. In other words, the 3d 5/2 and 3d 3/2 structures are slightly mixed.
The 2 p4d x-ray emission spectra of Fig. 2 look different, reflecting the large 4d4 f exchange and the small 4d spinorbit coupling. The 2 p 3/2 4d spectrum of Fig. 2͑c͒ shows again the six 8 S-related sticks at about Ϫ7110 eV. Because the satellite at Ϫ7076 eV is caused by 4d4 f exchange, it contains no 9 D states. All 9 D states are located in the main peak. Note, that we are close to LS coupling and it is more appropriate to speak about 4d ↑ and 4d ↓ parts for the main peak and the satellite, though the MCD shows that this also is only approximate. The 7 D states are mixed much more and are both part of the main peak and the satellite. The highest sticks of the satellite do relate to 8 S-related states of overall 7 D symmetry. In Fig. 2͑d͒ it can be seen that the satellite contains mostly negative sticks, but at the high energy side some positive sticks are visible. In other words the satellite is not 100% spin polarized.
The 2 p 1/2 4d spectrum in Figs. 2͑a͒ and 2͑b͒ has the most complex spectral shape. The result of the multiplet effects is a complex spectral shape with highest intensity for the peak at Ϫ7762 eV. The spectrum bears little relation to the singleparticle model.
III. COMPARISON WITH EXPERIMENT
We will now compare our results to the experiment which has been carried out on beamline ID16/BL21 at the ESRF. 15 For the moment we concentrate on the spectral shapes only and both the x-ray emission spectral shapes and their MCD will be normalized to the calculations. ͑In Sec. IV B we will discuss the relative intensities.͒ The experiments have been performed with an overall resolution of 0.75 eV ͑HWHM͒, which will be approximated by a Gaussian in the simulations. The life time broadening of the intermediate and final states is ⌫ x ϭ2.0 eV and ⌫ f ϭ0.5 eV, respectively, as determined from the analysis of 2 p and 3d x-ray absorption and photoemission. 28, 29 Thus the overall lifetime broadening ⌫ T equals 2.5 eV. Figure 3 shows the comparison of the calculation with the 2 p 3/2 3d x-ray emission experiment. The agreement between theory and experiment is good, with the experiment showing slightly sharper structures than the calculations. The relative intensities and peak positions are reproduced, both for the x-ray emission spectral shape as for its MCD. This shows that the approximations made for the simulation are valid. The experiment confirms the reversed MCD effect of the 3d 3/2 peak with respect to the 3d 5/2 peak. Figure 4 shows the comparison of the calculation with the 2 p 3/2 4d x-ray emission experiment. Theoretical results of two x-ray emission and one MCD spectra are shown: The x-ray emission spectrum as plotted in Fig. 2͑c͒ , and additionally the x-ray emission and MCD spectra of a second calculation using Slater integrals G 1,3,5 reduced to 70% ͑instead of 80%͒. A similar reduction of the 4d4 f exchange splitting has been observed also in the analysis of 4d x-ray absorption and photoemission spectral shapes. 28 An additional effect of the 4d 9 4 f 7 final state is that its lifetime broadenings are strongly symmetry dependent, and in particular the lifetime broadening of the 4d ↓ structure at Ϫ7080 eV is strongly increased to ⌫ f of about 1.5 eV ͑so ⌫ T is 3.5 eV͒, against 0.2 eV (⌫ T ϭ2.2 eV͒ in case of the 4d ↑ structure at Ϫ7110 eV.
28,29
Krisch and co-workers 15 also measured the 2p3d x-ray emission spectrum in the vicinity of the 2p 3/2 absorption threshold. If the excitation energy is chosen to be at the 2 p→5d resonance, the spectral shape can be expected to be affected by the presence of the 5d electron and its interaction with the 4 f electrons. The intermediate state can be described as 2 p 5 4 f 7 5d 1 and the 4 f 5d interaction will modify the spectral shape. Preliminary calculations confirm this behavior. At the energy related to the 2p→4 f transitions, the resonant x-ray emission should reveal an additional feature, arising from the 2 p 5 4 f 8 →3d 9 4 f 8 transition. Though this feature is clearly visible in the experiment, the spectral shape is dominated by the more intense 3d 9 4 f 7 5d 1 final state multiplet, associated with dipolar 2 p→5d excitations.
IV. DISCUSSION

A. Angular dependence of x-ray emission
In our calculation made so far, we have assumed that the incident x-ray direction is parallel to the magnetization of the Gd 4 f electrons and the emitted x-ray is unpolarized. Here we discuss the angular dependence of the x-ray emission MCD. Let us define the angle as that between the incident FIG. 3 . Comparison of the calculated 2p3d x-ray emission spectral shape ͑solid line͒, with the 2p 3/2 3d experimental results ͑points͒. The experimental curve is aligned and normalized to 1.0 at the peak position, with respect to the calculation. The theoretical MCD spectrum is given in the scale of the emission spectrum, and the experimental MCD has been normalized to it.
FIG. 4.
Comparison of the calculated 2p4d x-ray emission spectral shape ͑dashed͒, with the 2p 3/2 4d experimental results ͑points͒. The experimental curve is aligned and normalized to 1.0 at the peak position, with respect to the calculation. The solid line is the theoretical result with a reduction of the Slater integrals to 70% and a broadening as described in the text. The theoretical MCD spectrum is given in the scale of the emission spectrum, and the experimental MCD has been normalized to it.
x ray and the surface normal, and the angle as that between the outgoing x ray and the surface normal ͑see the inset of Fig. 5͒ . The angular dependence of the MCD intensity is given by
The expression shows that the weight of the spectral intensity F q Ј q with different polarization depends on the two angles as defined above. First, the factor sin originates from the excitation part: ͦ͗ x ͉C q ͉ 0 ͦ͘ 2 , and the MCD intensity is maximum when the incident x ray is parallel to the magnetization.
The rest of the angular dependent factor of Eq. ͑1͒ originates from the deexcitation part:
. If the emission angle equals zero, the polarization of the emitted x ray is specified by two directions and ⌬I is described by not only the matrix elements of C 1 and C Ϫ1 , but also C 0 . On the other hand, when equals 90°⌬I is described by the matrix elements containing only C 1 and C Ϫ1 .
If we take 1ϩsin 2 ϭ2cos 2 , the matrix elements F q Ј q with different polarization have the same weight. The magic angle between magnetic field and emitted x ray equals 90°Ϫ ϭ 54.7°. In our experimental arrangement, 90°Ϫ is 60°. Thus the magic angle calculation gives essentially correct results for the experimental situation. The angular dependence of the MCD intensity in 2p3d x-ray emission is given in Fig. 5 . The main effect is the variation in intensity of the main peak in the 2 p 3/2 3d 5/2 emission region at Ϫ6060 eV. The spectrum for magnetization parallel to the sample surface (ϭ90°) has the largest MCD. The negative MCD peak at about Ϫ6050 eV is not dependent on the emission angle and at higher energies and at the 2p 3/2 3d 3/2 peak there are some small angular variations visible.
B. The integrated intensities
In the calculation the 2p 3/2 spectra are generated from the addition of the intermediate states 9 P 5 , 9 P 4 , 7 P 3 , and 7 P 2 , normalized to a total intensity of 10. The 2 p 1/2 spectra relate to the intermediate states 7 P 4 , 9 P 3 , which add up to 5. This 2:1 ratio is exact as the 2 p spin-orbit coupling is large. For the 2 p 3/2 3d x-ray emission, the ratio of the x-ray emission spectrosocpy ͑XES͒ and the MCD integral is 1/9. The reason is that the 9 P states are not pure spin-up, but contain 1/9 spin-down character as discussed above. The consequence is that the integrated MCD signal of the 2p 3/2 spectra is 10/9. This MCD signal is exactly compensated at the 2 p 1/2 spectra, as can be checked from Table II , which collects all integrated values. The integrated value I MCD over both edges is zero, as it should be for 2p core states containing equal amounts of spin-up and spin-down electrons.
In Table II the integrated quantities for 2 p 3/2 and 2p 1/2 have been divided into transitions to, respectively, 3d 5/2 and 3d 3/2 . It can be seen that, if the full atomic multiplet interactions are included, the respective integrated intensities for the four 2 p3d spectra do differ only a few percent from the single-particle values. Therefore one can conclude that the multiplet effects cause a redistribution of intensity within a particular x-ray emission spectrum ͑with the creation of extra peaks͒, but the multiplet effects are too small to significantly affect the integrated intensities. The reason is that the 3d FIG. 5 . Angular dependence of the emitted x-ray versus the magnetization direction. Four spectra are given. Viewed at the MCD main peak at Ϫ6060 eV, from top to bottom, respectively, the spectra for ϭ90°͑solid͒, 60°͑dashed͒, 30°͑solid͒, and 0°͑ dashed͒ are given. The inset shows the definition of the angles and . spin-orbit splitting of 32 eV is larger than all multiplet effects, causing only a small admixture of the 2p 3/2 3d 5/2 and 2 p 3/2 3d 3/2 spectra. In the case of the 4d4 f x-ray emission spectra, the relation with the exchange-plus-spin-orbit model is lost because now the 4d4 f exchange is larger than the 4d spin-orbit coupling. The 4d states are in Table II indicated with 4d ↑ implicitly assuming pure LS coupling. The actual situation is that the 4d 9 4 f 7 states are in between the j j and LS coupling schemes. It is important to note that if one excites in between the L 3 and L 2 edge, the integrated 2p3d and 2p4d x-ray emission intensity will always contain an MCD effect ͑cf. Table II͒ , which implies that fluorescence-yield detection of x-ray absorption MCD cannot be normalized in between the L 3 and L 2 edges.
Concerning the magnetic moments it is clear that no information can be gained from the absorption sum rules, because the sum rules concern the 2 p core state which is filled in the ground state, hence all moments are zero. However, information concerning the magnetic moment could be gained from the magnitude of the MCD effect in the emission, where the MCD is normalized to the total intensity as MCD/XES. The magnitude of the MCD in the emission is dependent on a series of factors. It depends on the degree of circular polarization incident on the sample (70%) and cf. Eq. ͑4͒ on the angle between the incident x rays and the magnetic field (30°). The as such corrected and normalized MCD reaches approximately 17% in experiment. Because the experimental value for the emission angle (60°) is close to the magic angle (54°), the experimental result is close to the angle-integrated calculation. Comparing the experimental value of 17% with the theoretical maximal value of 33% ͑cf. Fig. 1͒ , gives an effective magnetization of about 1/2 of the maximum in the experiment.
C. Concluding remarks
Using the theoretical description of spin-polarized 2p-photoemission and the atomic multiplet calculations of 2p3d and 2 p4d x-ray emission, all 2 p3d and 2p4d x-ray emission spectral shapes have been calculated, including their dependence on the use of circular-polarized x rays for the excitation process. Good agreement with experiment is found and all visible experimental structures have been explained. The present analysis confirms the importance of multiplet effects for the spectral shapes of 3d and 4d holes in rare earths.
It is shown that the multiplet effects do not alter the integrated values of the 2 p3d x-ray emission peaks and their MCD, in contrast to the 2p4d x-ray emission peaks. Because the x-ray emission spectra relate to an excitation process to a continuum state, the overall integral of the MCD should be equal to zero. However from the size of the MCD spectral shapes compared with the calculations, information on the magnetic moment can be gained.
It is shown that the angle of incidence between x ray and surface normal influences the size of the MCD effect, while the angle of emittance between x-ray and surface normal influences the spectral shape of the MCD.
